The establishment of better selection criteria for identifying sub-populations that may benefit from treatment is a key aspect of the development and success of targeted therapy. To investigate methods for assessing MET overexpression in gastric cancer, we conducted immunohistochemistry using a new anti-Total MET monoclonal antibody in a single-institution cohort of 495 patients. As antibody is directed against a membranous and/or cytoplasmic epitope, two interpretation methods were used: (1) membranous and cytoplasmic and (2) membranous alone. In selected 120 cases, copy number gain and mRNA expression levels were measured using quantitative real-time PCR. Further in situ hybridization confirmed the presence of MET gene amplification. Among the 495 gastric cancers, simultaneous membranous and cytoplasmic overexpression of MET was found in 108 cases (21.8%) and membranous alone overexpression was observed in 40 cases (8.1%). The highest correlation was observed in membranous and cytoplasmic staining of MET: MET expression scores correlated significantly with high MET mRNA levels (r ¼ 0.465, Po0.0001), increased copy number gain (r ¼ 0.393, P ¼ 0.000002) and amplification of MET gene. Moreover, patients with MET overexpression showed shorter overall survival (HR, 1.781; 95% CI, 1.324-2.395; Po0.001) and disease-free survival (HR, 1.765; 95% CI, 1.227-2.541; P ¼ 0.002) compared with patients without MET overexpression. However, membranous overexpression of MET did not highly correlate with mRNA level (r ¼ 0.274, P ¼ 0.002), copy number gain or survival (P40.05). We developed highly correlating interpretation methods of MET immunohistochemistry in gastric carcinomas. MET overexpression is an independent prognostic factor and could be a potential target and predictor of benefit for targeted therapy with MET inhibitors. Recently, the addition of trastuzumab to standard cytotoxic chemotherapy demonstrated significant survival benefit in HER2-positive gastric carcinomas. 2 Nevertheless, HER2 is positive in only a small portion of gastric cancer patients (7-20%); thus, more precise molecular segmentation is urgently needed. 3 One potential target in gastric cancer was identified as MET proto-oncogene (hepatocyte growth factor receptor) in preclinical studies. 1, 4 As mutations in the kinase domain of MET gene are almost lacking in gastric carcinomas, 5 its
Gastric cancer is still the second most common cause of cancer-related death in the world. 1 Recently, the addition of trastuzumab to standard cytotoxic chemotherapy demonstrated significant survival benefit in HER2-positive gastric carcinomas. 2 Nevertheless, HER2 is positive in only a small portion of gastric cancer patients (7-20%); thus, more precise molecular segmentation is urgently needed. 3 One potential target in gastric cancer was identified as MET proto-oncogene (hepatocyte growth factor receptor) in preclinical studies. 1, 4 As mutations in the kinase domain of MET gene are almost lacking in gastric carcinomas, 5 its activation has been mostly attributed to gene amplification. [6] [7] [8] Although earlier Japanese reports described MET gene amplification in approximately 20% of gastric cancers by comparative genomic in situ hybridization or southern blot analysis, [9] [10] [11] [12] [13] recent FISH analyses showed rare or no amplification in locally advanced gastric carcinomas. 3, 14 MET activation through copy number gain measured by quantitative real-time PCR, 3, 7, 8, 14, 15 FISH 6, 14 or silver in situ hybridization, 16 and protein overexpression assessed by immunohistochemistry have been reported in gastric carcinomas. 5, 7, [17] [18] [19] [20] [21] [22] [23] However, there is a wide discrepancy in the incidences and prognostic significances of MET activation in gastric cancer, 3, 5, 7, 8, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and correlations between copy number gain and protein overexpression have been very poor. 7, 14, 24 The establishment of selection criteria in identifying sub-populations that may benefit from treatment is a key aspect of further development of anti-MET monoclonal antibody (METMab) and hepatocyte growth factor/scatter factor monoclonal antibody treatment. 25 Recently, striking results using the METMab in combination with an EGFR inhibitor (erlotinib) have been reported in patients with non-small cell lung cancer (OAM4558g trial). 25 In that study, METMab increased progression-free survival in patients with high levels of MET expression by immunohistochemistry compared with the group receiving erlotinib alone. 26 Improvement in overall survival has also been reported in patients with advanced gastric adenocarcinoma in which treatment with the hepatocyte growth factor/scatter factor monoclonal antibody AMG102 (also known as rilotumumab) combined with chemotherapy was compared with chemotherapy alone. 27 Even in this study, the best response was observed in patients expressing a high level of MET in the tumor. 26 Thus, both the study with METMab in non-small cell lung cancer and the study with AMG102 in gastric cancer highlight an essential requirement for patient stratification to ensure clinical benefit: high MET expression in cancer cells.
Immunohistochemistry is now widely available in most pathology laboratories, and a preferred method for identification of protein overexpression to identify patients who might benefit from treatment with a particular therapeutic product. 28 To better characterize MET-positive gastric cancers and develop a sensitive predictor of benefit from METMab, we conducted immunohistochemistry with the same monoclonal primary antibody used for recent MET clinical trials. 25, 27 Materials and methods
Patients
The formalin-fixed, paraffin-embedded primary pT3 gastric carcinoma tissue blocks from 495 patients (95 pN0, 97 pN1, 95 pN2, 115 pN3a and 93 pN3b) were retrieved. Four tissue cores (0.6 mm diameter) were sampled from the deep invasive front, both lateral sides, and the luminal surface area of the representative tumor block using AccuMax (Isu Abxis, Seoul, Korea). All patients had undergone curative surgical resection and extensive (D2) lymph node dissection, and the postoperative adjuvant treatment according to INT-0116 (Southwest Oncology Group-9008) was administered in all patients. 29 The institutional review board at Samsung Medical Centre approved this retrospective study.
Clinicopathologic characteristics obtained from medical records included gender, age, tumor size, tumor location, histological type, recurrence, survival and disease-free survival.
Immunohistochemistry for MET Protein
MET protein expression was evaluated using CONFIRM anti-Total MET (SP44) rabbit monoclonal primary antibodies (Ventana Medical Systems, Tucson, AZ, USA) with a Ventana BenchMark XT automated slide processing system according to the manufacturer's protocol. Briefly, 4 mm tissue sections were deparaffinized and rehydrated, and antigens were retrieved for 40 min in a citrate buffer (pH 6.1) at 95 1C. DAB was used as the chromogen, and the sections were counterstained with hematoxylin.
For controls, cell blocks from MET-amplified MKN45 and SNU5 cell lines and MET-non-amplified SNU1 cell lines were used. Two independent pathologists (SYH and KMK) with no prior knowledge of clinicopathological or molecular results evaluated the results. As SP44 antibody is directed against a membranous and/or cytoplasmic epitope present in human normal epithelial or tumor cells, two interpretation methods were adopted: (1) membranous and cytoplasmic and (2) membranous alone based on predominant staining patterns ( Figure 1 ). Both membranous and cytoplasmic staining was scored as follows: 0, no reactivity or faint staining; 1 þ , faint or weak staining; 2 þ , moderate staining; 3 þ , strong staining in 410% of tumor cells. Membranous alone staining was scored by consensus recommendation on HER2 scoring for gastric carcinoma 30 : 0, no reactivity; 1 þ , faint/barely perceptible membranous reactivity; 2 þ , weak-to-moderate complete or basolateral membranous reactivity; 3 þ , moderate-to-strong complete or basolateral membranous reactivity in 410% of tumor cells. MET overexpression was defined as 2 þ or 3 þ by membranous and cytoplasmic interpretation and only 3 þ by membranous interpretation.
In all cases with 3 þ expression either by membranous and cytoplasmic staining or by membranous staining alone, two pathologists agreed perfectly. In a few cases with 1 þ or 2 þ score, there was disagreement and the final interpretation was determined by consensus using the multi-head microscope.
MET Copy Number Gain by Real-Time Quantitative PCR
Genomic DNAs from 120 randomly selected, formalin-fixed, paraffin-embedded gastric carcinoma tumor tissues were extracted with a gDNA extraction kit (Qiagen, Valencia, CA, USA). The reaction mixture contained 2 ml genomic DNA template, 10 ml of Taqman universal PCR master mixture (Applied Biosystems, Foster City, CA, USA) and 0.2 mM of each primer. To accurately detect CNG, we analyzed three different regions of the MET gene: a region spanning exon 3-intron 3 boundaries (TaqMan Copy Number Assay Hs01602615_cn), a region within intron 12 (Hs0527935_cn) and a region spanning intron 20-exon 21 boundaries (Hs02884964_cn). 3 Moreover, previously described probes by Smolen et al 15 were also added for analyses. The region of the probes in MET gene is depicted in Figure 2 .
Copy number gain was measured with the following profile: 2 min at 50 1C, denaturation at 95 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min using relative quantification using 7900 HT fast real-time PCR system in quadruplicate. A RNaseP assay kit (Applied Biosystems) was used as a control. After amplification, the experiment results containing threshold cycle (Ct) values for the copy number and reference assay was imported into the CopyCaller Software (Applied Biosystems) for post-PCR data analysis as previously described. 3 The copy number gain status and the number of MET copies were assigned on the basis of concordance of result in at least two of the four MET regions of probe.
Quantification of MET mRNA Using Quantitative Real-Time PCR
Total RNA extractions were performed from the same 120 formalin-fixed, paraffin-embedded gastric carcinomas used for copy number gain with an RNeasy FFPE kit (Qiagen). Total RNA concentration was measured by fluorescence using a Quant-iT RNA Assay Kit (Invitrogen, Eugene, OR, USA). RNAs were reverse transcribed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time PCR was carried out with using specific TaqMan Gene Expression Assays (Applied Biosystems assay ID; Hs01565584_m1). GAPDH gene (ID; Hs99999905 _m1) was used as an endogenous control for RNA quality. Two independent RT reactions were performed for all samples. The comparative Ct (DDCt) method calculated the difference (DCt) between the threshold cycles of the target and reference genes.
Fluorescent and Bright-Field Double In Situ Hybridization
In 25 selected cases including all 9 membranous and cytoplasmic MET 3 þ cases, FISH was performed using dual-color DNA-specific MET/CEP7 probes MET overexpression in gastric carcinomas (Abnova, Walnut, CA, USA) as described previously. 31 For bright-field double in situ hybridization, the INFORM MET DNA probe was used in the same block using a Ventana ultraViewTM SISH Detection Kit on a Ventana BenchMark XT automated slide stainer following the instructions provided by the manufacturer (Ventana Medical Systems). Three pathologists (SYH, IGD and KMK) counted the numbers of MET and chromosome 7 centromere probe (CEP7) signals (1 for individual signals, 6 for small clusters and 12 for big clusters) in 20 inter-phase tumor cell nuclei, and the mean number of MET and CEP7 copies per nucleus were determined, along with the ratio. Normal MET/CEP7 signals (one to two copies per cell) in the various non-neoplastic cells served as the internal positive control. MET amplification followed strict definitions as established for HER2 testing. 32 Briefly, we defined gene amplification as a MET/CEP7 ratio 42.0 in 20 tumor nuclei. Low or high polysomy were regarded as negative for gene amplification.
Statistical Analysis
For analysis of the relationship between clinicopathologic characteristics and MET overexpression, Pearson's w 2 test was used. The Cochran-Armitage trend test was used to see if there existed an increasing trend of MET immune-positivity according to N stage and MET copy number gain. One-way analysis of variance was used to compare mean value of mRNA expression level in different groups of immunohistochemistry scores. The Pearson correlation test was used to evaluate the correlation between mRNA level and immunohistochemistry score. Disease-free and overall survivals were determined using the Kaplan-Meier method, and survival curves were compared using the log-ratio method. Survival was measured from the date of surgery. The Cox proportional hazard model was used to evaluate the associations between clinicopathologic factors and survival. The hazard ratio and its 95% confidence interval were assessed for each factor. All tests were two sided, and P-values o0.05 were considered to be statistically significant. Statistical analysis was performed using SPSS software (SPSS., Chicago, IL, USA) and R software (version 2.12.0 for windows).
Results

Overexpression of MET and Clinicopathologic Characteristics
Simultaneous membranous and cytoplasmic MET expression was scored as 0 in 167 (34%), 1 þ in 220 (44%), 2 þ in 99 (20%) and 3 þ in 9 (2%) gastric cancers and membranous and cytoplasmic overexpression of MET (2 þ and 3 þ ) was found in 108 cases (22%). Clinicopathologic findings observed in the gastric carcinomas with or without MET overexpression are summarized in Table 1 . KaplanMeier survival analyses showed that patients with overexpression of MET showed significantly shorter overall (P ¼ 0.002) and disease-free (P ¼ 0.004) survivals compared with patients without overexpression ( Figure 3 ). To confirm MET membranous and cytoplasmic overexpression as independent prognostic factors, we performed multivariate Cox proportional hazard model analyses, which included age, gender, differentiation, Lauren classification, pN stage, distant metastasis and MET expression status as covariates. In addition to pN stage and the presence of distant metastasis, membranous and cytoplasmic overexpression of MET remained significant in both overall survival (HR, 1.781; 95% CI, 1.324-2.395; Po0.001) and disease-free survival (HR, 1.765; 95% CI, 1.227-2.541; P ¼ 0.002; Table 2 ).
Of 495 patients, membranous MET expression was scored as 0 in 199 (40%), 1 þ in 189 (38%), 2 þ in 67 (14%) and 3 þ in 40 (8%) gastric cancers and membranous overexpression of MET (3 þ ) was found in 40 cases (8%). Clinicopathologic findings observed in the gastric carcinomas with or without MET membranous overexpression are summarized in Table 1 . Membranous MET overexpression was significantly associated with male gender (P ¼ 0.049), intestinal type by Lauren and differentiated histology (P ¼ 0.001). However, it was not associated with overall survival (P ¼ 0.076) or disease-free survival (P ¼ 0.131; Figure 3 ). mRNA Expression, Copy Number Gain and MET Immunohistochemistry mRNA expression levels correlated more strongly with immunohistochemistry interpreted by membranous and cytoplasmic staining than membranous alone staining. MET mRNA expression levels showed a moderately positive correlation with MET membranous and cytoplasmic staining (Pearson correlation coefficient, r ¼ 0.491, Po0.001), but a weakly positive correlation with membranous staining alone (r ¼ 0.274, P ¼ 0.002; Figure 4) .
MET copy number gains with 44 copies were found in 14 out of 120 examined cases (12%). Seven out of 8 (88%) MET membranous and cytoplasmic 3+ cases and 7 out of 49 (14%) MET membranous and cytoplasmic 2 þ gastric carcinomas showed copy number gains, while only 33% of MET membranous 3+ cases and 7% of MET membranous 2 þ cases did. None of the MET membranous and cytoplasmic 0 or 1 þ cancers demonstrated MET copy number gain (Table 3) .
MET FISH and Dual Bright-Field In Situ Hybridization
The results of FISH correlated perfectly with dual bright-field in situ hybridization. The results of in situ hybridization and corresponding immunohistochemistry, copy number gain and mRNA expression levels in selected cases are summarized in Table 4 . Increased mRNA levels and copy number gains were observed in all four examined membranous and cytoplasmic 3 þ cases. Moreover, all nine membranous and cytoplasmic MET 3 þ cases showed amplification of MET gene with several big (7) 26 (7) 4 (10) 29 (6) Tumor size o4.5 27 (25) 85 (22) 20 (19) 76 (20) 6 (15) 90 (20) N2 24 (22) 71 (18) 8 (20) 87 (19) N3a 22 (20) 94 (24) 8 (20) 108 (24) N3b 26 (24) 67 (17) 12 (30) clusters of signal in the nuclei (Figures 5a-i) . Similarly, the MET-amplified positive controls, MKN45 and SNU5 GC cell lines showed many large clustered signals of MET gene in the tumor cell nuclei (Figures 5j-l) . However, membranous and cytoplasmic MET 2 þ (n ¼ 12) or 0 (n ¼ 4) cases showed no amplification of MET gene although mRNA levels were slightly increased. Six membranous 3 þ cases also showed no amplification of MET gene.
Discussion
To better characterize MET-positive gastric cancers, immunohistochemistry for MET protein was performed in 495 advanced gastric carcinomas. We defined new interpretation methods of MET overexpression in gastric carcinoma. Membranous and cytoplasmic MET overexpression was observed in 108 cases (22%), which correlated well with increased copy number gain, mRNA levels and MET gene amplification, and was an independent prognosticator of poor survival in gastric carcinomas, supporting the clinical impact of MET protooncogene activation in gastric cancers. Moreover, all nine membranous and cytoplasmic MET 3 þ cases showed amplification of MET gene.
In previous studies on gastric MET, the positivity rate in protein expression by immunohistochemistry (24 to 74%), gene amplification (0-23%) and copy number gain (9-23%) were highly variable. 5, 7, 11, 14, [16] [17] [18] [19] [20] [21] [22] [23] 33 Although MET expression showed poor prognostic effects on gastric carcinomas, 7, 18, 20, 21, 23 most studies were performed 410 years ago 5, 7, 17, [19] [20] [21] [22] and interpreted either cytoplasmic or membranous positivity only 5,17-21 without considering intensity. In a recent large cohort study with gastric cancers with the same MET monoclonal antibody as ours, interpretation of membranous staining, which was used for HER2, failed to find any clinical significance and not all MET 3 þ cases exhibited amplification of MET gene. 16 The lack of a reliable method for evaluating MET immunohistochemistry has caused discrepancies in previous studies. In our comprehensive study, we first proved that both membranous and cytoplasmic MET staining correlate well with mRNA expression levels, amplification of MET gene and clinical outcome. Moreover, we investigated copy number gain with two methods: real-time quantitative PCR and in situ hybridization methods. In PCR, copy number gains with 43 copies were observed with variable frequency, and copy number gains of 45 copies were mainly observed in immunohistochemistry 3 þ cases. However, considerable numbers of 2 þ positive cases showed no copy number gains. Recently, Graziano et al 3 investigated MET copy number gain by PCR in 216 gastric carcinomas, and 10% of patients with copy number gains showed poorer prognosis. In that study, true amplification of MET gene was not observed in FISH. Janjigian et al 24 also showed that true amplification of MET in gastric cancer is absent. However, earlier reports from Japan showed amplification by FISH in 3.9% of advanced gastric carcinomas. 6 Recent studies from the United States and Korea showed true MET amplification in 2% of gastroesophageal 23 and gastric 20 adenocarcinomas. Similarly, we also detected amplification of MET gene in nine cases (2%), where MET immunohistochemistry was 3 þ stained in the cytoplasm and membrane of tumor cells.
Given the low incidence of MET gene amplification, it is not feasible in the clinic to screen every gastric cancer patient by MET FISH. We extensively analyzed the association between MET protein overexpression, MET mRNA expression and MET gene copy number gain using all four known probes and MET amplification by in situ hybridization. Given the major advantage of immunohistochemistry, routine applicability in the clinic and cost effectiveness, our results strongly recommend MET immunohistochemistry as an initial screening test for MET amplification. MET inhibitor therapy would be indicated for patients with membranous and cytoplasmic MET 3 þ or MET-amplified gastric cancer. In MET 2 þ gastric cancers, although gene amplification was not observed in our limited cases, further confirmation should be performed using either fluorescent or silver in situ hybridizations. However, as patients with membranous and cytoplasmic MET 2 þ showed similarly poor survival as those with MET 3 þ , some (14%) MET 2 þ gastric carcinomas showed copy number gains, and MET protein overexpression could not be explained fully by gene amplification, 3, 24 we defined MET 2 þ cases as overexpression.
In conclusion, interpretation of MET immunohistochemistry based on membranous and cytoplasmic staining correlated very well with mRNA expression, copy number gain and amplification of MET gene. In gastric cancers, MET overexpression is an independent prognostic factor and could be a good potential target and predictor of benefit for MET inhibitor therapy.
